Blood-brain barrier (BBB) separates the systemic circulation and the brain, regulating transport of most molecules to protect the brain microenvironment. Multiple structural and functional components preserve the integrity of the BBB. Several imaging modalities are available to study disruption of the BBB. However, the subtle changes in BBB leakage that occurs in vascular cognitive impairment and Alzheimer's disease have been less well studied. Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) is the most widely adopted non-invasive imaging technique for evaluating BBB breakdown. It is used as a significant marker for a wide variety of diseases with large permeability leaks, such as brain tumors and multiple sclerosis, to more subtle disruption in chronic vascular disease and dementia. DCE-MRI analysis of BBB includes both model-free parameters and quantitative parameters using pharmacokinetic modelling. We review MRI studies of BBB breakdown in dementia. The challenges in measuring subtle BBB changes and the state of the art techniques are initially examined. Subsequently, a systematic review comparing methodologies from recent in-vivo MRI studies is presented. Various factors related to subtle BBB permeability measurement such as DCE-MRI acquisition parameters, arterial input assessment, T 1 mapping and data analysis methods are reviewed with the focus on finding the optimal technique. Finally, the reported BBB permeability values in dementia are compared across different studies and across various brain regions. We conclude that reliable measurement of low-level BBB permeability across sites remains a difficult problem and a standardization of the methodology for both data acquisition and quantitative analysis is required.
Introduction
Interest in the role of the blood-brain barrier (BBB) has surged in the past 10 years as an increasing number of neurological diseases have been linked to BBB disruption (Varatharaj and Galea, 2017; Zenaro et al., 2017) and the methods to measure permeability with magnetic resonance imaging (MRI) have become more available (Barnes et al., 2016; Heye et al., 2014 Heye et al., , 2016 . A major part of the expanded interest is the improvement in MRI instrumentation and the increased computer capacity for data analysis. The field has moved from the easily measured BBB damage in diseases with large permeability leaks, such as brain tumors and multiple sclerosis (MS), to more subtle disruption in chronic vascular disease and dementia. While there are a large number of research and review papers on the use of MRI permeability measurements in brain tumors and MS, relatively less has been written about the role of MRI permeability measurements in diseases with subtle blood vessel injury because of the problems encountered at low levels of leakage. Being able to detect lower levels of leakage will enable studies in patients with vascular cognitive impairment and dementia (VCID) and Alzheimer's disease (AD). This review will be focused on recently published studies of detection with MRI of low levels of permeability, including methodological challenges imposed by the small changes occurring in chronic diseases of the elderly that are confounded by changes in blood vessels with normal aging.
Background

Leakage across the blood brain barrier
The existence of a barrier restricting movement of molecules between the blood and the brain has been recognized for many years, the ability to quantitatively measure this transport in humans has only recently become available. The series of interfaces between the blood and brain tissues is referred to as the neurovascular unit (NVU) in order to emphasize that multiple cell types with different barrier properties are involved (Hawkins and Davis, 2005; Nelson et al., 2016) . The first blood-brain interface is the endothelial cells that have tight junction proteins (TJPs), the next layer is formed by the basal lamina composed of extracellular matrix proteins, around the basal lamina are the astrocytic foot processes with the embedded pericytes. The NVU has high electrical resistance that restricts the passage of charged ions across the BBB except highly lipid soluble substances. In reality there is a small level of leakage across the NVU. While the interface between the blood and brain tissues is a relatively restrictive "barrier" to nonlipid molecules, in reality it has low permeability under normal conditions. In addition to TJPs, there are transport or carrier molecules that facilitate transport into the brain, and enzymes that degrade substances preventing their transport into brain. When there is a major breach of the BBB, such as occurring with brain tumors, stroke and multiple sclerosis, leakage of large proteins into the brain tissue and cerebrospinal fluid (CSF) can be observed with contrast agents (CA) using either computed tomography (CT) or MRI. However, the pathological changes produced in the elderly with dementias involve much less dramatic changes, producing subtle leaks in the NVU. Such changes are best measured by MRI in clinically relevant timeframes.
Challenges in low permeability measurements in small vessel diseases
A low level of permeability is present in all cerebral vessels for non-lipid soluble molecules. Large molecules, such as albumin, move slowly into the CSF. Elevated albumin in the CSF suggests an opening in the BBB, making the albumin ratio of CSF to blood compartment a biomarker for opening of the BBB. Since the transport across the normal BBB is very slow, the time needed to detect a low level leak is relatively long. This results in the need for multiple measurements over a longer time than used for contrastenhanced studies that are done clinically for diseases, such as, MS and brain tumors, where the leakage is at a much higher level.
Various review articles from the existing literature overlapped in partial forms with this topic of finding subtle BBB permeability in small vessel diseases (Bergamino et al., 2014; Farrall and Wardlaw, 2009; Heiss et al., 2016; Heye et al., 2014; Iadecola, 2015; Montagne et al., 2016a Montagne et al., , 2016b Snyder et al., 2015; van de Haar et al., 2015; Wardlaw et al., 2015) . The studies on the similar topic were already reviewed in these articles up to June 2014. The information about those studies from the review articles is crossreferenced to include all the useful discussions. The other reviews have been written earlier and have not included data from more recent studies. By limiting our review to the past few years, we hoped to fill the gap with the older literature. In addition, we have compared the currently available methods, in terms of data acquisition, methods for permeability quantification, the application of these methods to dementia and small vessel cerebral vascular disease, and the differences in BBB leakage values between the research groups. This will allow various researchers to calibrate the transfer constants obtained by the different methods.
Comparison of methods used to measure BBB
Many methods have been used in BBB permeability studies. There are works reported based on postmortem investigations of BBB in dementia patients showing significant BBB damage (Tomimoto et al., 1996; Ujiie et al., 2003; Wisniewski and Kozlowski, 1982; Zipser et al., 2007) . The major drawback of these studies is that they only report at the end stage of the disease. In animals, where removal of the brain is possible, investigators originally used dyes, such as Evans blue, injected into the blood to measure uptake into the brain. Radio-labelled isotopes of molecules that were transported quickly into the brain or those slowly taken up have provided more accurate measurements. 3 H-labelled water is rapidly taken across the BBB, making it a reference molecule when injected with slowly taken up compounds labelled with 14 C. A slowly taken up compound, such as 14 C-sucrose can be injected intravenously with the brain and blood sampled 20 min later; a single compartment transfer equation can be used to calculate the transfer assuming no back transport. Albumin ratio was reported to be high in subjects with BBB damage. In-vivo studies were found in the literature using albumin ratio to investigate BBB in dementia (Algotsson and Winblad, 2007; Bowman et al., 2012; Fr€ olich et al., 1991; Mecocci et al., 1991) . Although these CSF studies showed higher albumin ratio in dementia, they lacked information about localization of leakage. CT and positron emission tomography (PET) provide methods to study the BBB permeability in humans. CT requires an iodinated CA and uses fairly high doses of x-rays. On the other hand, PET studies uses radioactive tracers to detect abnormalities. Commonly used PET tracer is 18 F-Fluorodeoxyglucose (FDG). Few of the studies have used PET for BBB assessment (Minoshima et al., 1997; Schlageter et al., 1987) . PET studies are difficult to arrange due to the need to manufacture the isotope with a brief half-life. This makes MRI the most useful method for these studies.
Historical background to permeability measurement
There have been several recent reviews on permeability measurement with MRI and we summarize the common concepts and terminology used (Heye et al., 2014; Sourbron and Buckley, 2013; Tofts et al., 1999b; van de Haar et al., 2015) . The MRI methods for permeability measurement are based on the use of a paramagnetic compound as a CA, whose molecules can leak from the intravascular space to the interstitial space depending on the extent of BBB breakdown. The presence of paramagnetic molecules reduces the water relaxation times (T 1 , T 2 , and T * 2 ), indirectly changing image intensity. The CA based methods have been divided in two groups: a) Dynamic susceptibility contrast enhanced MRI (DSC-MRI) based on T * 2 changes and b) Dynamic contrast enhanced MRI (DCE-MRI) based on T 1 images.
The paramagnetic agents typically used are Gadolinium (Gd)-based compounds, with the most common one being Gd-DTPA (gadopentate dimeglumine). The use of Gd-based CA has been restricted to patients with healthy renal function because of causing nephrogenic systemic fibrosis (Bleicher and Kanal, 2008) . More recently it has been found that residual gadolinium is retained in patients even with normal renal function, raising further concerns about the use Gd as a contrast agent (Kanal and Tweedle, 2015) . When a tissue comes in contact with paramagnetic Gd-based molecules, its relaxation rate (R 1 ¼ 1=T 1 and R * 2 ¼ 1=T * 2 ) approximately increases from the baseline relaxation rates in proportion to the CA concentration. We have
, where R 10 and R * 20 are baseline relaxation rates before the injection of CA, R 1 and R * 2 are the relaxation rates with the CA, and r 1 and r * 2 are the corresponding relaxivities. The T * 2 change depends not only on the local T 2 , but it also depends on local magnetic field inhomogeneity. The susceptibility difference between the intravascular blood with CA and the tissue reduces field homogeneity, causing T * 2 to decrease. During the first pass of the CA, when its concentration is low and the CA has not leaked out to the extravascular space, r * 2 is higher than r 1 , making DSC-MRI a more sensitive method for monitoring change than the DCE-MRI method. If the CA leaks out to the extra-vascular space, because of BBB breakdown, r * 2 can drop because of reduced susceptibility differences between blood and tissue, making the dependence of T * 2 on CA concentration difficult to interpret. The current practice is to use DSC-MRI for cerebral blood flow (CBF) and cerebral blood volume (CBV) measurements, while DCE-MRI is used for making permeability measurements. Although with recent improvements in T 1 =T * 2 weighted rapid sequences and better understanding of underlying physics, DCE-MRI has been used for CBF/CBV measurements (Sourbron et al., 2009) and DSC-MRI has been suggested for permeability measurement (Johnson et al., 2004) .
In this review, our primary focus is on DCE-MRI methods for measuring low (subtle) permeability values. The flow diagram for such an experiment is shown in Fig. 1 . The data acquisition protocol consists of selecting the CA, its dosage, the choice of MRI experiment for T 1 measurement, and the number of baseline T 1 measurements before CA is injected. The T 1 calculation method depends on the MRI pulse sequence used for T 1 measurement and is variable across sites. As mentioned before the CA concentration is calculated based on the relaxivity value (r 1 ¼ 3:7±0:2 mM À1 s À1 for Gd-DTPA). The calculation of permeability related parameters depends on the tracer-kinetic model used for describing the CA leakage. The models and the notation used was standardized by Tofts (Tofts et al., 1999b) , and a more modern description has been recently given (Sourbron and Buckley, 2013) .
The extended Tofts model is given by
where C p ðtÞ is the CA agent concentration in the plasma with volume fraction v p , C t ðtÞ is the CA concentration in the voxel under consideration, and s is a dummy variable in the integral. The voxel includes the extravascular extracellular space (EES) with a volume fraction v e , other brain cells (yellow in Fig. 2 ), plasma and the red blood cells (red in Fig. 2 ). The rate constant for the CA to leak back into plasma from the EES space is k ep ¼ K trans =v e , and K trans is volume-transfer constant across the BBB. K trans is proportional to permeability, the parameter of interest. These parameters are described in Fig. 2 . In this review, we simply refer to K trans as the permeability. C t ðtÞ is CA concentration of the voxel where we want to calculate the permeability and C p ðtÞ is the concentration in a voxel consisting of all blood. C p ðtÞ is called the arterial input function (AIF) and is typically measured in common carotid artery or more typically in the sagittal sinus. A more appropriate nomenclature would have been vascular input function but to maintain consistency with the literature we call it AIF. The average concentration measured in a blood voxel C b ðtÞ is related to C p ðtÞ by he-
Several simpler models can be obtained from Tofts extended model. If we put v p ¼ 0, we get the Tofts model and we get the Patlak model by putting k ep ¼ 0,
The Patlak model assumes that CA in the EES space does not leak back to intravascular space or move out of the voxel to neighboring voxels. Finally, if the permeability is zero we get
In this case C t ðtÞ is proportional to the CA concentration in the intravascular space. On comparing equations [1] or [3] to [4] we see that the permeability measurement depends on our ability to measure the accumulation of CA in the voxel that is due to its leakage across BBB. In other words, how accurately we can measure CA concentration above the intravascular concentration v p C p ðtÞ. The volume fractions v e and v p are unitless, being defined as a ratio of two volumes, the units of K trans and k ep are min
À1
. In the literature the units of K trans are often written in units of ml/100 g/min (for example, (Cramer and Larsson, 2014) ). This depends on the CA concentration definition. If we assume that tissue density is approximately 1 g/ml, then 1 ml/100 g/min is approximately equal to 0.01 min
. A subtle or low permeability (K trans ) is considered to be in the range of 10 À4 to 10 À3 min
, while permeability in tumors is of the order of 10 À2 min
. The baseline values of relaxation rates R 10 (¼ 1=T 10 ) and R 20 (¼ 1=T 20 ) across different brain regions affects the permeability calculations in different ways. An error in R 10 measurement effects the CA concentration calculation. This leads to a bias error in K trans calculation and can result in a negative calculated K trans . On the other hand R 20 does not appear directly in the model and because of the use of short echo times in the MRI data collection, its variation across the different brain regions does not have a significant effect on K trans accuracy.
In this review we compare the differences across sites for each permeability measurement step indicated in Fig. 1 .
Methods based on the exchange of water across the BBB have been recently proposed (St Lawrence, 2012; Wang et al., 2007) . These methods are attractive because they are based on exchange of water molecules across BBB and because they do not require the use of Gd contrast agent. The water molecule is smaller than a Gd molecule, and a subtle change in BBB permeability may be easier to detect by a water exchange rate change. By combining arterial spin labelling methods with diffusion it has been possible to separate the vasculer compartment with fast diffusion and an extra-vascular compartment with slow diffusion, and subsequently calculate the water exchange rate (St Lawrence, 2012). These methods are being developed, and as such we have not found their applications to dementia and cerebral small vessel disease. This method has been validated in rats (Tiwari et al., 2017) , and recently applied to a sleep apnea study (Palomares et al., 2015) .
Materials and methods
Search sources and selection criteria
We review the existing literature for quantification of subtle BBB permeability using imaging studies, specifically the dynamic contrast enhanced MRI (DCE-MRI). The literature up to May 2017 was searched using two sources, PubMed and Web of Science. Since the focus of this review is entirely on low BBB permeability measurements, we considered studies related to small vessel diseases, including all types of dementia and vascular cognitive impairment. In both PubMed and Web of Science, the following combination of terms were searched to be in title or abstract or keywords of article, "(blood-brain barrier OR BBB) AND (dementia OR mild stroke OR vascular cognitive impairment OR alzheimer OR binswanger OR small vessel disease OR AD OR BD OR mild cognitive impairment) AND (MRI OR magnetic resonance imaging).
Inclusion and exclusion criteria
The selected studies include all age groups and the disease groups as filtered by the search terms defined above. BBB permeability methodologies using DCE-MRI were included. The search results were refined manually to select the relevant articles of interest and also to discard the duplicates and the irrelevant ones. Moreover, the reference lists of those articles were checked carefully to include additional articles. The in-vivo studies assessing subtle BBB changes were included. Data from review articles Fig. 1 . The DCE-MRI method consists of five steps. During data acquisition we choose the contrast agent (CA) type and dosage and the MRI sequence for T1 mapping. T1 and CA concentrations are then calculated from the data. Next we have to make a choice of the tracer-kinetic model to use. Patlak model is one such example. The model parameters are finally calculated.
Fig. 2.
The tissue model within a voxel is described for the tracer-kinetic model described by Equation [1] . The voxel is divided into extravascular extracellular space (EES) with a volume fraction ve (blue), and the intravascular space (light red). The EES space excludes the brain cells (yellow) and the plasma (light red) with volume fraction vp excludes the blood cells (red). The model parameters to be estimated are volume transfer constant K trans , rate constant for back flow kep, and the volume fractions vp and ve.
pertaining to low BBB permeability measurements on the mentioned diseases were cross-referenced to include all possible studies. The flow diagram showing the selection of papers at each stage is shown in Fig. 3 .
Data extraction and analysis
We extracted the data from studies based on specific groups, (a) studies comparing quantitative measures of BBB permeability for disease conditions with subtle BBB permeability to healthy controls, (b) studies aimed at determining optimal BBB permeability measurement techniques and (c) review articles on the same topic. The data was extracted independently for each study included. Data related to in-vivo studies such as aim of the study, patient demographics, data acquisition protocol, CA type and dose, DCE-MRI analysis technique, quantitative parameters measured if any, Fig. 3 . The flow diagram summarizes the search strategy and inclusion-exclusion criteria.
major findings and final conclusion were tabulated to make them easy to compare. The studies which focused on identifying the optimal BBB permeability measurement technique were checked for data related to methodological aspects of DCE-MRI such as model selection, pulse sequences, mapping methods from T 1 to concentration curves, scanner drift, noise, spatial and temporal resolution, acquisition duration, arterial input function (AIF) and type of data analysis: region of interest (ROI) or a voxel based approach. Recommendations on the optimal values of these aspects were extracted from the articles.
The in-vivo studies were compared for quantitative metrics they provided for permeability measurements. In addition, the approach used in each study was analyzed, in terms of methodological factors to arrive at generic suggestions related to optimal methods for future studies.
Results of literature review
Categorization of studies reviewed
The articles resulted from electronic search were screened manually for full assessment inclusion. A total of thirty three articles were selected for review. The articles were categorized based on the aim of the work. The three different groups are: studies on measuring BBB permeability in diseased condition, studies aiming at determining optimal BBB permeability measurement techniques, and finally the review articles covering the same topic either partially or entirely. We found review articles including the relevant studies up to June 2014. The data provided in the review articles about those studies were cross-referenced to ensure full coverage of all the relevant studies.
Studies on measuring subtle BBB permeability in small vessel diseases
Seventeen in-vivo studies out of the total thirty-three were identified as studies with the primary aim of finding significant subtle BBB permeability changes in patients as compared to healthy controls. The patient groups across different studies had different disease groups. The studies (Munoz Maniega et al., 2017; Wardlaw et al., 2013; Wong et al., 2017; Zhang et al., 2017) reported on small vessel diseases and the associated BBB permeability metrics calculated using DCE-MRI. Two studies (Bronge and Wahlund, 2000; Shindo et al., 2005) related to dementia and three (Starr et al., 2009; van de Haar et al., 2016a; van de Haar et al., 2016b) reported on Alzheimer's disease. Three studies were on Binswanger's disease (Hanyu et al., 2002; ; two studies (Taheri et al., 2011a (Taheri et al., , 2011b related to VCI and one study (Wang et al., 2006) on MCI. The studies Starr et al., 2003) which reported on aging and diabetes were included in this review as they involved quantification of low level permeability changes in BBB.
The study details of seventeen in-vivo studies are summarized in Table 1 . The sample size of most of the studies ranged from 25 to 100 including both patients and healthy controls. Only two studies (Munoz Maniega et al., 2017; Zhang et al., 2017) reported on a relatively larger population of around 100 samples and the population size of five studies Taheri et al., 2011a Taheri et al., , 2011b Wardlaw et al., 2013 ) ranged between 50 and 100. The mean age ranges of almost all studies were between 60 and 70. The MRI scanner field strengths used for the DCE-MRI acquisitions were 1.5T and 3T, except one study (Starr et al., 2003) on diabetes that used 1.9T scanner. Most widely adopted pulse sequence for DCE-MRI in the reported works is some variant of the gradient recalled echo (GRE) sequence. The more common method spoils the transverse magnetization at each step, reaches a steady spoiled state, and then acquires the imaging volume at different radio-frequency tip angles. These methods have been called SPGR/FLASH or FSPGR/Turbo-FLASH across different vendors. Other methods include saturation recovery GRE methods (SRGRE), inversion recovery GRE methods (IRGRE), or the T1 mapping with partial inversion recovery method (TAPIR, (Shah et al., 2001) ).
The different pulse sequences differ in the sensitivity and the temporal resolution for each T1 measurement, the brain volume coverage and spatial resolution. In the studies reviewed (Table 1) the temporal resolution varied from 0.5 to 5 min. The total experiment was in the order of 20e25 min, to allow for low level of leakage to be observed.
Gadolinium based CAs were typically used in all the studies with varying dosage levels from 0.025 mmol/kg (Taheri et al., 2011b) to 0.2 mmol/kg (Starr et al., 2003) . Table 2 summarizes the permeability values found across different research sites in healthy controls and Table 3 has the permeability values in patients across different research sites and with different disease groups. There are several interesting comparisons in Tables 2 and 3 There are at least four major groups studying diseases with low levels of BBB permeability (Backes, Wardlaw, Zlokovic, and Rosenberg). Each group has been studying related but slightly different forms of small vessel disease, as summarized in Table 3 . In the white matter for healthy controls, two out of three studies in Backes' group have K trans ¼ 0.07 Â 10 , which is more than 10 times higher. In Rosenberg's group two out of three studies have K trans ¼ 1.5 Â 10 À3 min
À1
, with the third study reports K trans ¼ 0.093 Â 10 À3 min
, a value more than10 times lower. The corresponding value for Zlokovic's group is K trans ¼ 2.2 Â 10 À3 min
. Indicating, that there is variability in permeability values measured at the same site and also across sites. Later in the discussion section we offer some reasons for these differences and what it means for reproducing these studies at different sites. The patient data in the white matter also shows similar trends across sites. Backes' group has the lowest values for K trans in the white matter for patients, with Rosenberg's and Zlokovic's groups having similar higher values. We discuss later the causes and the implications of these differences.
DCE-MRI data analysis approaches
Both model free and pharmacokinetic modelling approaches were followed in the studies included in this systematic review. Semi-quantitative parameters derived from the signal enhancement curves and changes in T1 signal intensity were used to assess BBB dysfunction in the model free methods (Bronge and Wahlund, 2000; Hanyu et al., 2002; Munoz Maniega et al., 2017; Shindo et al., 2005; Starr et al., 2003 Starr et al., , 2009 Wang et al., 2006; Wardlaw et al., 2013) . In these studies, the parameters such as slope of the signal uptake curves, signal enhancement ratio and ratio of T1 changes were estimated for the ROIs. Differences in the estimated parameters between controls and patient groups or between normal and affected ROIs were analyzed statistically to arrive at BBB dysfunctionality conclusions. All the studies showed significant changes in BBB permeability associated with the corresponding disease, except one study (Bronge and Wahlund, 2000) . Besides the advantages of model free analysis such as the elimination of AIF measurement and parameters like AUC are independent of injection protocols, the major challenges are that these parameters do not correlate physiologically and they are sensitive to variations between acquisition protocols.
Studies, which followed pharmacokinetic modelling approach, used Patlak model (Patlak and Blasberg, 1985) for the derivation of physiological parameters Taheri et al., 2011a Taheri et al., , 2011b van de Haar et al., 2016a; van de Haar et al., 2016b; Wong et al., 2017; Zhang et al., 2017) . The parameter K trans indicating the BBB leakage rate was the widely used measure for permeability assessment Taheri et al., 2011a Taheri et al., , 2011b van de Haar et al., 2016a; van de Haar et al., 2016b; Wong et al., 2017; Zhang et al., 2017 ). Yet another measure v p , the blood plasma volume fraction was also analyzed in a few studies (van de Haar et al., 2016a; van de Haar et al., 2016b; Wong et al., 2017; Zhang et al., 2017) . Different methods for the mapping of T 1 to concentration curves and determination of arterial input function (AIF) were utilized. Variable flip angle, varying time delay and look-locker methods were a few of the widely used T 1 mapping MRI sequences. Individual specific measured AIFs were determined either from superior sagittal sinus or common carotid artery. The advantage of using model based approaches is that model parameters, such as K trans can be directly related to BBB integrity, and show permeability differences between the normal and the diseased groups.
Studies on finding optimal DCE-MRI methodology for subtle BBB permeability
Five studies Barnes et al., 2016; Cramer and Larsson, 2014; Heye et al., 2016; reported on identifying the optimal DCE-MRI method for assessment of subtle BBB permeability. A large volume of reported literature is found in assessing the BBB permeability in acute disorders such as stroke and different tumors. These conditions involve a large variation in the permeability values and thus easily detected. Problems arise in cases of subtle permeability measurements owing to the requirement for a high level of accuracy and precision. Studies devoted to identifying accurate and precise DCE-MRI methodology for use in chronic diseases are gaining importance. This is because of the need to detect neuro-inflammatory diseases at an early stage, when the permeability is low, so that they can be treated. Various factors ranging from acquisition protocol parameters to data analysis methods were quantitatively evaluated in these studies Barnes et al., 2016; Cramer and Larsson, 2014; Heye et al., 2016; for subtle BBB permeability measurements by introducing novel quality metrics and through in-vivo and simulation experiments. Recommendations on various methodological aspects were provided in these studies. The details of the studies along with the different factors considered and recommended solutions are summarized in Table 4 . Selection of suitable pharmacokinetic model, acquisition duration, temporal resolution of the dynamic scans and influence of scanner drift are some of the factors analyzed. Two studies (Barnes et al., 2016; Heye et al., 2016) used specific metrics, contrast-tonoise ratio for K trans (K-CNR) and Akaike information criterion (AIC) (Akaike, 1974) respectively, for assessing the model suitability. Simulation experiments were performed in these studies using different noise levels to evaluate the robustness of the methods. Table 4 Comparison of Studies on finding optimal DCE-MRI methodology for subtle BBB permeability. The missing entries were not discussed in the reviewed study.
Factors considered (Armitage et al., 2011) (Cramer and Larsson, 2014) analysis method improves the accuracy K trans and v p estimates by analyzing the first pass and the full data set iteratively with different models (Li et al., 2017) . This method has not been applied to cerebral small vessel disease but the permeability values reported are in the range of subtle permeability range.
Discussion
Acquisition and analysis methods
We reviewed studies with the aim of identifying the optimal DCE-MRI method for the accurate measurement of subtle disorders of the BBB. We investigated a wide variety of factors influencing the measurements and also recommended optimal settings through experimental evaluations. Different pharmacokinetic models such as Tofts model (TM), extended TM, Patlak model, and twocompartment exchange model (Tofts et al., 1999a ) were compared to find the optimal model. Patlak model was suggested to be the suitable model for subtle disorders. In the work reported by (Cramer and Larsson, 2014) , Patlak model was suggested for low leakage rates with a threshold value of 0.3 ml/100 g/min (approximately equal to 0.003 min À1 ) which happens when the back diffusion is ignored. Moreover, increased accuracy and precision could be obtained by lengthening scan duration and increasing sampling frequency. Using the evaluation metric, K-CNR, Barnes and colleagues evaluated the precision of various models (Barnes et al., 2016) . Based on K-CNR, Patlak showed superior precision due to the simplicity of the model involving only two free parameters as compared to other high complexity models. In alignment with the recommendations of these results, Heye and colleagues also favored the Patlak model based on the AIC rankings (Heye et al., 2016) . AIC captures the goodness of fit and the complexity of the model through sum of squares differences and a number of free parameters, respectively. Even though the results suggested both Patlak and modified Tofts model to be adequate, Patlak was considered optimal because of fewer free parameters. This avoids overfitting errors which can occur when higher complexity models are used to fit the data in regions of low K trans values, and the data does not support the more complex model. In general, the acquisition duration followed for DCE-MRI protocol in various studies differed widely, with the recent methods collecting data for less than 30 min for measuring low permeability values. Low leakage rates are associated with subtle disorders. Longer scan times yield precise results of K trans (Barnes et al., 2016; for low permeability values < 2 Â 10 À3 per minute. This is due to the increased number of measurements, which decreases the effect of noise and provides more time for the CA to extravasate to the extravascular tissue. In addition to longer scan times, acquiring a larger number of precontrast volumes, illustrating that increasing the baseline scan by 30 s leads to a 30% increase of K-CNR (Barnes et al., 2016) . Since precontrast signal is required in the calculation of concentration curves, careful measurement of precontrast signal is needed for calculating an accurate concentration curve. Hence increasing precontrast time points increases the sensitivity of the study. Dual temporal resolution data acquisition methods are attractive for permeability measurements (Jelescu et al., 2011; . High temporal resolution is necessary to capture the contrast kinetics in tumor studies and with the added possibility of measuring cerebral blood flow. In these cases the spatial resolution is reduced. In cases of subtle permeability measurements, lower temporal resolution is preferred, in order to have better spatial resolution and coverage so that leakage rates could be measured across all brain structures. Barnes and colleagues (Barnes et al., 2016) demonstrated a threshold of 60 s as optimal sampling rate for subtle permeability measurements leading to higher K-CNR. Methods for measuring cerebral blood flow, cerebral blood volume, K trans and v p in white matter with one CA injection would be a major progress in DCE-MRI methods (Heye et al., 2016) .
The influence of scanner drifts on the estimation of K trans is negligible for large K trans values. However, in case of low permeability regions, there is an increase in K trans values with scanner drift (Heye et al., 2016) . The effect of drift varies based on the tissue type and is specifically significant for CSF . This makes drift correction using phantoms impossible in such cases. Scanner drift effects are more prominent in Patlak models due to its sensitivity towards lower contrast and hence affects interstudy comparisons (Barnes et al., 2016) .
The two main deciding factors to increase the accuracy of BBB permeability measurements using pharmacokinetic models are the estimation of concentration curves from T 1 signal intensities and the determination of AIF. The most commonly used methods for T 1 mapping are the variable flip angle (Brookes et al., 1999) and variable saturation time delay methods (Larsson et al., 1988) . These methods were developed to calculate the pre-contrast longitudinal relaxation time T 10 which is required for the mapping of signal enhancement to CA concentration. The importance of accurate estimation of T 10 was shown by (Schabel and Parker, 2008) . In the SPGR methods, the flip angle errors, the error between the actual and operator defined flip angles influences the calculated T 1 values. Alternative approaches such as Look-Locker based methods (Shah et al., 2001) , and DESPOT1-HIFI (Deoni, 2007) overcome such errors. The step of AIF determination also plays a critical role in the estimation of kinetic parameters. For subtle permeability regimes, individual AIFs extracted from superior sagittal sinus or common carotid artery were used in the existing works. The vascular input function extracted from superior sagittal sinus was unaffected by partial volume and inflow artefacts (Lavini and Verhoeff, 2010) and it can be easily identified.
The method of reporting the permeability values in the literature also differs across groups. The permeability can be a calculated over a region-of-interest or for every voxel in the image. The difficulty in obtaining trustworthy estimates of low permeability is well illustrated by the histogram of permeability values across the image . A large number of voxels have a negative permeability. We have also noticed this in our studies. In their study they have proposed mirroring the negative permeability histogram to compensate the positive section of the histogram. The statistical relevance of this step is not clear but it does suggest that negative calculated permeability values have to be dealt with. An alternative approach used by our group is to use the AIC approach to select an appropriate model with one choice being the simple model of zero permeability (Eq. (4)). If the data is noisy then this model explains the data equally well based on the AIC criterion and we estimate K trans ¼ 0. Another step we take is to report permeability values above a threshold of 0.003 min
À1
. The value of the threshold was chosen on the basis of receiver operating characteristic (ROC) analysis which best separated healthy controls from our patients. This leads to lower values of permeability not being reported but does give greater confidence on higher permeability values indicating regions of BBB breakdown. The choice of the threshold will depend on the method of data acquisition and the disease being studied. The appropriate threshold value will vary from site to site because of differences in methods used across sites. A review of the available software tools and a software code written in MATLAB is available for processing DCE-MRI data, which offers the flexibility of experimenting with different tracer-kinetic models . The software does appear to be focused on the SPGR techniques for T1 mapping.
In practice, the measurement of permeability in white matter has several advantages over those in the cortex, primarily due to the large amount of white matter and the proximity of the cortex to the CSF space, allowing the CA to obscure the cortical readings during prolonged scans. In this review, we showed several examples of the region-specific increase in permeability around the WMHs and in the normal appearing white matter. While white matter in the vascular cognitive impairment patients shows marked increases, there is low permeability in the white matter in Alzheimer's disease. The reason for this remains to be more fully studied. Finally, permeability measurements tend to fluctuate over time in a manner similar to that seen with relapsing and remitting multiple sclerosis. While these differences will aid in classifying patients, the fluctuation over time will interfere with the use of permeability as a measure of the success of therapies.
Vascular cognitive impairment
A number of investigators have used the MRI with the Patlak plot method to measure the low levels of cerebral permeability in chronic vascular diseases. White matter permeability measurements are facilitated by the large volume of contiguous tissue in the white matter tracts. Permeability in the normal-appearing white matter (absence of white matter hyperintensity in FLAIR) has lowlevel leakage of CA probably due to the minimal transport through endothelial cells and tight junctions. In addition, there are no studies of the stability of the MRI BBB measurement over time. A comparison of Tables 2 and 3 indicates that the permeability values vary across sites and also within a site for white matter in controls. This shows that there is a bias in permeability values being reported across sites. This bias exists because of different amounts of Gddosage, different methods being used for data acquisition, and different methods of processing the data and finally different permeability measures are reported in the literature. An example is the difference in methods of post-processing the MRI data in Backes' group and Rosenberg's group. In Backes' group the negative permeability values are reflected over to the positive side to compensate for negative values, while in the Rosenberg's group the permeability is only calculated above a threshold of 0.003 min
À1
. Although the threshold was chosen by careful consideration to distinguish the calculated permeability between patients and controls, the permeability values are biased to higher values. The permeability differences observed between healthy controls and patients at any one site are acceptable, but it is very difficult to compare studies across sites. between patients and controls for studies where the mean permeability and the standard deviation was available. The effect size ranges from 0.07 to 1.8. Three of the studies van de Haar et al., 2016b; shows effect sizes below medium value of 0.5 (Cohen, 1992) , while the remaining five studies (Taheri et al., 2011a (Taheri et al., , 2011b van de Haar et al., 2016a; van de Haar et al., 2016b; Zhang et al., 2017) reveals effect size values above medium range. Higher effect sizes were obtained for the Rosenberg group (Taheri et al., 2011a (Taheri et al., , 2011b . The higher values in the Rosenberg's group are probably because of the threshold method of reporting the permeability values, which emphasized the differences between the controls and the patients. On comparing the effect sizes within the study groups, Backes group (van de Haar et al., 2016a; van de Haar et al., 2016b; Zhang et al., 2017) showed large variations in effect sizes across different studies. This is possibly due to the difference in the disease groups and sample sizes between these studies.
Leakage of Gadolinium into the white matter in patients with vascular cognitive impairment has been demonstrated by a number of investigators. The disruption of the BBB in chronic vascular disease has been linked with hypoxia induced inflammation. One potential scenario involves chronic changes in the blood vessels secondary to long-standing elevated blood pressure. This results in narrowing of the vessel lumen, restricting cerebral blood flow, and producing hypoxia. This hypoxia is most likely intermittent, such as occurs in sleep apnea, rather than long-term as seen with cerebral infarction. This is supported by animal studies in which the levels of oxygen in hypertensive rats are directly measured with electron paramagnetic resonance (EPR) (Weaver et al., 2014) , and by studies in humans that have found hypoxia inducible factor in the brains of patients with vascular dementia (Fernando et al., 2006) . Other factors may be involved. A recent study showed that stiffening of the aorta which is transmitted to the small arteries of the brain, increases free water as measured with diffusion tensor imaging (Maillard et al., 2017) .
When the white matter is abnormal there are variable changes in the permeability. In white matter regions with gliosis, as shown by white matter hyper-intensities (WMH), the permeability is very low. However, at the edges of the WMH, the penumbra regions, there is an increase in leakage, suggesting this is an active site of ongoing damage. More importantly, permeability changes are found in the so-called normal-appearing white matter (NAWM) . This is interesting and suggests that there may be low-level of on-going damage even in the regions that appear normal on FLAIR MRI. A similar finding has been made using the diffusion measurements, which identify changes in white matter regions with normal signal on FLAIR (Maillard et al., 2013) .
Permeability is increased in the deep white matter in patients , 1997) . However, the regions lacking FLAIR increased signal may show abnormal structural integrity on DTI, which has been referred to as abnormal normalappearing white matter, which is a paradoxical designation. In an earlier study by our group, we found markedly reduced permeability inside the white matter hyper-intensities with the majority of the increased permeability in the "penumbra" around the white matter hyper-intensities, and the remainder in normal-appearing white matter (Fig. 4) adapted from . A similar finding has been made using the diffusion measurements, which identify changes in white matter regions with normal signal on FLAIR (Maillard et al., 2013) . Regions of elevated permeability were observed in the periventricular tissues, the deep white matter of the corpus callosum, and at the junction of the gray and white matter. A similar finding has been made using the diffusion measurements, which identify changes in white matter regions with normal signal on FLAIR (Maillard et al., 2013) .
Alzheimer's disease
Studies done in the gray matter of the hippocampus in patients with early Alzheimer's disease suggest that the BBB is open . These investigators found permeability changes in the hippocampus, but not in the white matter. Patients with cerebral amyloid angiopathy have microbleeds suggesting increased permeability, but measurements of K trans have not been made with MRI in humans. Qualitative observations of contrastenhancing lesions in patients with cerebral amyloid angiopathy have been reported (Hartz et al., 2012) . This is an area that is in need of further study in both hypertensive and non-hypertensive population.
Measurements in cortical gray matter are challenging because the cortex is a thin layer of gray matter contiguous to the CSF with the added complication of tortuous sulci that fold into the white matter. One way to obtain measurements in the gray matter is to perform shorter uptake studies. Another strategy is to obtain permeability measurements in the deep gray matter structures such as the basal ganglia and hippocampus.
Conclusion
Measurement of BBB disruption at its early stages is important in many neurological disorders. This requires measuring low permeability values and we have seen this is a difficult challenge for MRI methods based on Gd-based CAs. In order for these methods to be uniformly adopted across different sites it is necessary that current advances in imaging technology be incorporated in the methods and collaboratively a uniform protocol is proposed. The challenges are at each step in the process described by Fig. 1 . The Gd-dosage is important because we are measuring low permeability changes and sacrificing contrast by using low-dosage may not be advisable. Current T 1 measurement methods provide more rapid methods for monitoring T 1 change and can provide whole brain coverage, or alternatively coverage of a slab at a higher spatial resolution. We feel a common method for T1 mapping across sites will be beneficial. Majority of the sites use some form of SPGR but agreeing on a more uniform protocol will help. Some groups are presenting dual temporal resolution acquisition methods. These methods combine a low spatial resolution and high temporal resolution images during the first pass images which are then followed by higher spatial resolution and low temporal resolution images to capture low values of CA leakage. These methods are attractive because they may provide better accuracy in gray matter by taking into account higher perfusion in gray matter. In regions of low permeability, the dual resolution method may have the advantage that during the first pass of the CA, the signal enhancement in the white matter is totally dependent on the intravascular compartment, because the minimal leakage has occurred, and we could get good estimates of plasma volume fraction v p . The current MRI methods for BBB permeability measurement are all based on using Gd-based compounds as CA. The Gd-based compounds have nephron-toxicity and are not advisable to use in some cases. An alternative MRI method based on increased water diffusion across the BBB can be very attractive if developed. The analysis methods need harmonization, which includes looking at changes during the first pass of the bolus and understanding the contrast behavior in the gray matter and the CSF.
Measuring low values of BBB permeability in white-matter by MRI remains a difficult problem and requires a joint community effort to come up with a robust method that can be implemented uniformly across sites, and which take into consideration recent advances in MRI hardware and software.
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